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Introduction
The bithorax complex (BX-C) is a 330 kb genomic region Martin et al., 1995) that harbors three of the Drosophila homeotic (Hox) genes: abdominal-A (abd-A), Abdominal-B (Abd-B), and Ultrabithorax (Ubx) (Lewis, 1978) . Expression of these Hox genes during embryonic development is regulated by a cascade of transcription factors (TFs) 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.10.002 (Borok et al., 2010; Sauer et al., 1996) . Maternal mRNAs and protein factors deposited into the egg prior to fertilization give rise to the initial TF gradients along the anterior-posterior (A-P) axis of the embryo (Berleth et al., 1988; Driever and Nü sslein-Volhard, 1988) . For example, the BICOID (BCD) and HUNCHBACK (HB) TFs are concentrated at the anterior pole, but spread posteriorly, creating a concentration gradient throughout the anterior half of the embryo (Berleth et al., 1988; Driever and Nü sslein-Volhard, 1988; Sauer and Tjian, 1997) (Fig. 1) . The maternal TFs activate expression of the Gap genes -including Kruppel, knirps, and giant -in a concentration-dependent manner, resulting in distinct spatial patterns of Gap gene expression throughout the developing embryo (Borok et al., 2010; Driever and Nü sslein-Volhard, 1988; Papatsenko and Levine, 2008; Struhl et al., 1989) (Fig. 1) . Gap genes, in turn, activate downstream pair-rule genes including even-skipped (Small et al., 1991a,b; Small et al., 1996) and fushi-tarazu, which are expressed in seven stripes along the anterior-posterior axis (Hoch and Jackle, 1993; Sauer et al., 1996) (Fig. 1) . Together, these TFs define the spatial expression patterns of Hox genes Qian et al., 1991) .
The activity of the TFs in this regulatory cascade is primarily mediated through binding at cis-regulatory modules (CRMs) (Akbari et al., 2006; Maeda and Karch, 2006) . When a TF binds at a CRM it can act to either activate or repress transcription of the target gene (Arnone and Davidson, 1997; Borok et al., 2010) . TFs can act synergistically in CRMs to activate transcription directly by recruiting RNA polymerase II to the promoter of target genes (Kadonaga, 2004; Ptashne and Gann, 1997) . Transcriptional activation can also be achieved indirectly through TF interaction with chromatin-modifying enzymes, such as histone acetyltransferases and nucleosome remodeling factors (Kadonaga, 2004; Mannervik et al., 1999; Gaston & Jayaraman, 2003) . TFs can also repress, or quench, the activation activities of other TFs by competition for DNA binding sites in an enhancer CRM or by disrupting proteinprotein interactions necessary for transcriptional activation (Gray et al., 1994; Han et al., 1989; Levine and Manley, 1989) .
Expression of the Abd-B gene is controlled by CRMs located in the intergenic infraabdominal (iab) regions (Akbari et al., 2006; Maeda and Karch, 2006; Sanchez_Herrero, 1991) . The iab-7 chromosomal domain is responsible for directing expression of Abd-B specifically in the presumptive seventh abdominal (A7) segment of the developing Drosophila embryo (Mihaly et al., 2006; Zhou et al., 1999) . The full length IAB7b enhancer is a CRM located within this chromosomal domain and is capable of directing reporter gene expression only in two stripes in the posterior of the embryo, A7 and A9 (Mihaly et al., 2006; Starr et al., 2011; Zhou et al., 1999) . Bioinformatic analyses, coupled with transgenic assays, have identified a highly-conserved 154 bp signature motif within the IAB7b enhancer (Starr et al., 2011) . This signature motif contains two putative FUSHI-TARAZU (FTZ) and two putative KRUPPEL (KR) TF binding sites ( Fig. 2A) . Constructs containing the two FTZ and two KR binding sites (2F2K) or the two FTZ sites with only the KR site proximal to the FTZ sites (2F1K) are sufficient to drive reporter gene expression in a three stripe pattern in the A5, A7, and A9 segments of transgenic Drosophila melanogaster embryos (Starr et al., 2011) . In the context of the IAB7b enhancer, FTZ therefore appears to be the activator TF and KR appears to be a repressor (Carroll and Scott, 1986) . At the Fig. 1 -Spatial expression patterns of transcription factors in early Drosophila development. The mRNA expression profiles 70 min into development for the maternal TFs (BCD and HB), gap TFs (KR, KNI, and GT), and pair-rule TFs (EVE and FTZ) are shown on a virtual embryo obtained via projection of the BDTNP data set along the anterior-posterior (A-P) axis. Positions indicate the percentage of embryo length (%EL).
endogenous BX-C, KR represses Abd-B expression in the central part of the embryo, including T2, A1 and A3 (Casares and Sanchez-Herrero, 1995) (Fig. 1) .
In this study, we address the internal regulatory architecture of TF binding sites in the IAB7b enhancer. To do this we develop a simple quantitative thermodynamic-based mathematical model to predict the functional output of interactions between TFs and the IAB7b enhancer and generate transgenic lines containing a lacZ reporter gene driven by various segments of the enhancer to investigate three specific questions: (1) the necessity of both FTZ binding sites in the signature motif for activation, (2) the importance of spacing and potential cooperativity between the two putative FTZ binding sites, and (3) the role of KNIRPS and GIANT in limiting the expression driven by the signature motif. Our results indicate that the complex combinatorial TF inputs utilize distinct molecular mechanisms of activation and repression, but can be mediated through just eight highly conserved binding sites.
2.
Materials and methods
Bioinformatic analysis
The relevant region of the bithorax complex (BX-C) in the D. melanogaster genome was determined using the University of California Santa Cruz (UCSC) Genome Bioinformatics Genome Browser (http://genome.ucsc.edu). 
Fig. 2 -Organization of transcription factor binding sites at IAB7b across Drosophila species. (A) PATSER was used to computationally predict BCD (pink), HB (purple), KR (red), KNI (brown), FTZ (green), EVE (yellow) and GT (blue) transcription factor binding sites. The height of bars indicates the similarity of the given site to the true binding sites used to construct the PWM, and the top or bottom of the scale bar indicates on which strand the predicted binding site is found. The previously discovered signature motif, consisting of at least one KR and two FTZ sites, is seen across species (yellow box) (Starr et al., 2011) . The fragments of IAB7b used in reporter constructs are shown (grey boxes). (B) Transgenic embryos at stage 5 of development. The 2F2K signature motif drives a clear three stripe pattern of lacZ reporter gene expression in presumptive abdominal segments A5, A7 and A9. In comparison, the 2F2K SDM and 2F2K +14 constructs show no reporter gene expression, indicating a lack of activation by FTZ. (C) Transgenic embryos at stage 5 of development. The full length (FL) IAB7b CRM drives a two stripe pattern of lacZ reporter gene expression in presumptive abdominal segments A7 and A9. In comparison, the 2F2K construct drives an additional stripe in A5. The inclusion of three KNI repressor binding sites (2F2K3N) on the construct is sufficient to restrict expression to only A7 and A9.
IAB7b region was identified, from the annotated U31961 sequence, to have coordinates chr3R:12741380-12742107 in the assembly last updated April 2006 (Starr et al., 2011) . Putative transcription factor (TF) binding sites were determined using Patser (http://rsat.ulb.ac.be/rsat/patser_form.cgi) (Hertz and Stormo, 1999) with previously-assembled consensus Position Weight Matrices (PWMs) for BICOID (BCD), HUNCHBACK (HB), KRUPPEL (KR), KNIRPS (KNI), GIANT (GT), FUSHI-TARAZU (FTZ), EVEN-SKIPPED (EVE) and FUSHI-TAR-AZU FACTOR 1 (FTZ-F1) using ln(p-value) cutoff values described in previous studies (Bergman et al., 2005; Ho et al., 2009 ).
2.2.
Transgenic reporter constructs PCR primers were designed to amplify IAB7b regions containing the 2F2K signature motif (Starr et al., 2011) and additional sequences from the defined CRM (see table below). PCR amplicons were cloned into pGEMÒ-T Easy vector (Promega), and sub-cloned as a NotI or XhoI fragment into the placZattB transformation vector (Bischof et al., 2007) . The putative FTZ binding site proximal to abdominal-A (abd-A) in the IAB7b signature motif was mutagenized using a QuikChange II XL Site Directed Mutagenesis Kit (Stratagene) and site-directed mutagenesis primers: CACTCTTTATTTCTTTCTTTTTGCCCTTGCCTAGGCACTGTC AGCGATTCTGTGATTTGACTCAGCAAACG and CGTTTGCTGAG TCAAATCACAGAATCGCTGACAGTGCCTAGGCAAGGGCAAAAA GAAAGAAATAAAGAGTG on a previously constructed plasmid containing the 2F2K region in the pGEMÒ-T Easy vector (Promega). Once successful mutagenesis had been confirmed by sequencing, the 2F2K SDM region was sub-cloned into the placZattB vector as previously described (Starr et al., 2011) . To separate the putative FTZ binding sites by an additional 14 bp, the portion of the 2F2K region distal from Abd-B, including the distal FTZ site, and the portion of the 2F2K region proximal to Abd-B, including the proximal FTZ site, were separately cloned into pGEMÒ-T Easy. These constructs were then inserted into the XhoI and NotI sites in the placZattB vector, which created fourteen base pairs of extra space between the two FTZ TF binding sites. The additional base pairs between the two FTZ TF binding sites do not result in any additional putative TF binding sites for FTZ, EVE, GT, HB, KR or KNI.
Transgenesis
Constructs containing IAB7b sub-regions were introduced into the D. melanogaster germline via uC31-mediated integration (Bischof et al., 2007) . All microinjections were carried out by BestGene Inc., using the attB 68E site for targeted integration of the reporter constructs.
2.4.
In situ hybridization
Embryos from transgenic D. melanogaster were collected, fixed, and hybridized with a digoxigenin-labeled lacZ probe as previously described (Bae et al., 2002) .
Mathematical modeling of transcription
To mathematically model expression levels as a function of TF concentrations, the concentration gradients of each TF were needed. For this study, the TFs we were interested in were BCD, HB, KR, KNI, GT, EVE and FTZ. Data were taken from the BDTNP, which contains three-dimensional (3D) measurements of relative mRNA concentration for each gene (bcd, hb, Kr, kni, ftz, eve and gt) 110 min into development, corresponding to 6078 nuclei on the periphery of a reference ''virtual embryo'' (Fowlkes et al., 2008) . To create one-dimensional concentration gradients corresponding to one half of a laterally dissected virtual embryo, we first projected the 3D coordinates into 2-dimensional (2D) coordinates. We then took a strip from 10% to 90% along the A-P axis, 31 pixels wide, and averaged concentration values at each coordinate along the A-P axis. Once these 1D mRNA concentration gradients were generated, modeling was performed under the assumption that protein concentration gradients are directly proportional to these mRNA gradients.
Mathematical modeling of the IAB7b enhancer was done using a thermodynamic-based (fractional occupancy) model as previously described (Dresch and Drewell, 2012 (Ilsley et al., 2013) . This threshold allows us to assign each spatial location along the A-P axis a binary number representing gene expression (i.e. either expression is observed (1) or not (0)). Once this threshold was set, values for TF binding affinities were chosen to avoid a predicted saturation in expression, to correct for different relative levels of protein concentrations and to provide realistic qualitative predictions. Parameter values for TF binding affinities were held constant (K F = 5.5, K R = 3.3, K N = 0.05, K G = 3.5, K H = 0.07) for all segments modeled and all cooperativity values tested. This approach allowed us to provide insight into the qualitative differences in the expression patterns arising under different hypotheses addressing the TFs involved in the functional regulation of the output driven by various segments of the IAB7b enhancer. Cooperativity values ranging from 0 to 2.2 were tested. These values cover a large range of hypotheses regarding the cooperative nature of FTZ binding sites; 0 corresponding to a scenario in which the state of the enhancer with both FTZ sites bound has absolutely no impact on the transcriptional output, values between 0 and 1 corresponding to a scenario in which this state has an impact less than that which would be observed if the proteins were activating independently, and values above 1 corresponding to a scenario in which this state has a greater impact on the transcriptional output than that which would be observed if the proteins were activating independently. Competitive binding is also included in the model, but with no additional parameters. The basic assumption is that although the same stretch of DNA may be capable of binding two different TFs, they cannot bind simultaneously. So, for a binding site of this type (referred to as an overlapping binding site), instead of having two possible states for that binding site, bound or unbound, the two TFs compete for binding, leading to three possible states in the model: the site is bound by the first TF, the site is bound by the other TF, or the site is unbound. Virtual embryo illustrations of model output were created using TF gradients obtained from the projected BDTNP data.
Results and discussion

Specific spacing of FTZ activator binding sites in IAB7b
The IAB7b signature motif can be identified in orthologs of divergent Drosophila species from D. melanogaster to Drosophila willistoni. In each case, the signature motif contains two putative FUSHI-TARAZU (FTZ) binding sites and at least one putative KRUPPEL (KR) binding site ( Fig. 2A) . Surprisingly, the architecture of the FTZ binding sites is completely conserved. The two putative FTZ binding sites are always found exactly 43 bp apart and on opposite strands, even across evolutionarily distant Drosophila species (Fig. 3A) . Deletion of the distal FTZ site (relative to the KR sites) from the D. melanogaster signature motif results in a complete loss of activation function (Starr et al., 2011) for the enhancer. To further test the functional requirement for these two FTZ sites, we carried out a site directed mutagenesis of the proximal FTZ site. Disruption of this site in the signature motif (2F2K SDM) also results in a complete loss of activation (Fig. 2B) . Furthermore, the insertion of 14 bp of additional sequence between the two FTZ sites (2F2K +14) also prevents activation from the CRM (Fig. 2B) .
Taken together, the requirement for both FTZ sites and the evolutionarily conserved distance between the sites in divergent species (Tamura et al., 2004 ) strongly implies that the spacing between these two sites plays a critical functional role. One possible model is that the spacing of the binding sites may allow the FTZ activator to bind, presumably through its DNA-binding homeodomain, to the IAB7b enhancer in a cooperative manner. The potential for cooperativity between FTZ molecules echoes the classic example of the bacteriophage lambda repressor (Ptashne, 2004) and is supported by the recent discovery that the homeodomain-containing TF SEX COMBS REDUCED in Drosophila forms homodimers which result in increased transcriptional specificity (Papadopoulos et al., 2012) . Previous in vitro studies indicated that FTZ only binds as a monomer (Florence et al., 1991) . However, as these studies used only the homeodomain of FTZ and did not test cooperative binding beyond a 10 bp distance, they do not preclude the possibility of FTZ binding cooperatively in vivo. Similar studies of the Hox TF UBX found a peptide containing the homeodomain did not bind DNA cooperatively, though the full length protein is able to bind in a cooperative manner (Beachy et al., 1993) .
FTZ can also be recruited to DNA indirectly by interacting with the FTZ-F1 cofactor (Yoo et al., 2011) ; this interaction is necessary for FTZ to regulate its own gene expression (Ueda et al., 1990) . Therefore, an alternative explanation for FTZ recruitment to the IAB7b enhancer is that two FTZ molecules could be cooperatively binding through another mechanism, such as the FTZ-F1 cofactor (Yoo et al., 2011) . To examine this possibility we investigated the sequence in the signature motif for predicted FTZ-F1 binding sites. There is in fact a highly conserved FTZ-F1 site directly adjacent to the proximal FTZ site (Fig. 3B) , leaving open the possibility for functional interactions between FTZ and FTZ-F1 at the IAB7b enhancer.
Repression by KRUPPEL, KNIRPS and GIANT
The three stripe expression profile directed by the IAB7b signature motif in the developing embryo (Fig. 2C) (Starr et al., 2011) suggests that additional regulatory inputs, beyond the FTZ activator and KR repressor, are needed to restrict gene expression solely to A7 and A9, as seen when expression is driven by the full length IAB7b enhancer (Fig. 2C) . Likely candidate factors for such repression are the TFs KNIRPS (KNI) and GIANT (GT).
KNI is expressed at high concentration in the presumptive fifth abdominal segment (A5) (Fig. 1) and can act as a short-range repressor when bound to an enhancer (Arnosti et al., 1996) . The range of repression caused by bound KNI is thought to be restricted to distances between 50 and 100 bp from activator binding sites (Arnosti et al., 1996) . knirps mutant embryos have a disrupted pattern of Abdominal-B (Abd-B) expression due to an expansion of the anterior boundary of expression (Casares and Sanchez-Herrero, 1995) . The full length IAB7b enhancer in D. melanogaster contains three predicted KNI binding sites (proximal to abd-A relative to the signature motif) (Fig. 2A) . All three putative KNI sites are in genomic regions which are highly conserved across Drosophila species. The closest predicted KNI site is 125 bp and 168 bp, respectively from the two FTZ TF binding sites in the 2F2K signature motif. If KNI is acting as a repressor when bound to IAB7b, it may prevent the recruitment of the FTZ activator in A3 and A5, thus preventing transcriptional activation of the Abd-B target gene in these segments. To test this hypothesis, we created transgenic enhancers with all three predicted KNI sites in addition to the core signature motif (2F2K3N) (Fig. 2A) . The inclusion of these additional KNI binding sites is sufficient to restrict reporter gene expression solely to A7 and A9 (Fig. 2C ). However, it should be noted that the 2F2K3N construct also contains a number of additional predicted TF binding sites ( Fig. 2A) which may contribute to repression at the IAB7b enhancer.
GT is expressed at high concentration in a broad band in the anterior of the embryo and in lower concentration in A5, A6 and A7 in the posterior of the embryo (Fig. 1) . A single conserved GT binding site is predicted in the IAB7b signature motif ( Fig. 2A) . This GT binding site overlaps with the interior FTZ binding site ( Fig. 2A) . It is therefore possible that GT is also capable of contributing to the repression of the IAB7b CRM in the embryo, by directly competing with FTZ for binding in the signature motif. The loss of either FTZ binding site in the signature motif (either in the 2F2K SDM construct, which also results in a loss of the predicted GT site) or by deletion of the exterior FTZ site (1F2K) (Starr et al., 2011) (1) enhancer is activated by two non-overlapping FTZ binding sites capable of cooperative activation; (2) enhancer is activated by two non-overlapping FTZ binding sites capable of cooperative activation and repressed by two nonoverlapping KR binding sites; (3) enhancer is activated by two FTZ binding sites capable of cooperative activation, one of which is overlapping with a GT binding site, and repressed by two non-overlapping KR binding sites and the overlapping GT binding site (i.e.: this includes competitive binding between FTZ and GT at the overlapping site); and (4) enhancer is activated by two FTZ binding sites capable of cooperative activation, one of which is overlapping with a GT binding site, and repressed by two non-overlapping KR binding sites, the overlapping GT binding site (i.e.: this includes competitive binding between FTZ and GT at the overlapping site), and three non-overlapping KNI binding sites. In each equation, K's represent binding affinities and square brackets represent protein concentrations (F = FTZ, R = KR, G = GT, N = KNI). (B) Each of the four model predictions is shown for different values of the cooperativity parameter. In the first row, a schematic of the CRM assumed to be driving expression is shown. In the second row, the 1D TF concentrations along the A-P axis used as model input are shown. The third through ninth rows illustrate, on a virtual embryo, the model predictions when different cooperativity values for FTZ interactions were used. no activation from the CRM (Fig. 2B) . Given the presence of additional conserved predicted GT binding sites in the full length IAB7b enhancer it is also quite possible that GT is capable of mediating repression through different molecular mechanisms.
---------------------------
3.3.
Thermodynamic-based model of enhancer activity
To fully understand the combinatorial TF inputs at the IAB7b cis-regulatory module and reconcile these with the in vivo transcriptional output in the embryo, we developed a quantitative mathematical model (Fig. 4A) . The modeling approach we implemented is that of a thermodynamicbased model, which allowed us to consider the impacts of the type and number of binding sites present in the CRM, competitive binding events, short-range repression and cooperative interactions between FTZ activator molecules. TF binding affinities are represented in the model by the 'K' variables ( Fig. 4A) , with the subscript corresponding to the specific TF binding. All predictions resulted from a fixed set of parameter values for TF binding affinities (as described in Section 2). TF concentrations, represented by square brackets (Fig. 4A) , were taken from experimental data that is available through the BDTNP (full details of the data acquisition are in Section 2). Competitive binding is incorporated into the model when determining the number of possible states of each enhancer segment and shortrange repression is incorporated when determining which states are interpreted as 'successful', i.e. included in the numerator of model equations (Fig. 4A) . The cooperative activity resulting from two FTZ binding sites bound simultaneously is represented by a cooperativity parameter, C (Fig. 4A ). This value corresponds to the impact this state has on the transcriptional output, with a value of 1 corresponding to the output that would be observed if the proteins were activating independently (more details available in Section 2).
Some general trends were observed with this model, regardless of the cooperativity value for FTZ. When just the two FTZ binding sites are included in the model, the most extensive pattern of gene expression is predicted (Fig. 4B) . As the two KR, one GT, and three KNI binding sites are added to the model there is a predicted loss of expression in some stripes present in the anterior regions of the embryo (Fig. 4B) .
The model predictions that most precisely reproduce the experimental data are those obtained using a relatively weak FTZ cooperativity value of C = 1.1 (Figs. 2c and 4B ). When C = 1.1, starting only with the two FTZ binding sites in the signature motif, seven stripes of gene expression output are predicted, corresponding to the nuclei along the A-P axis in the embryo with a localized high concentration of FTZ (Fig. 4B , C = 1.1). The addition of the two KR binding sites in the signature motif results in a loss of expression in stripes 2 (T2) and 3 (A1) (Fig. 4B , C = 1.1), presumably mediated by short-range repression by KR due to the proximity to the FTZ sites (Fig. 3) . If we then add GT to the model, we see additional loss of stripe 1 (C3) and, in combination with KR, stripe 4 (A3). This repression is most likely due to direct competition for binding at the interior FTZ site in the signature motif, but may also be mediated in part by short-range repression of the exterior FTZ site (Fig. 4B , C = 1.1). Significantly, with these inputs, the model predicts that expression persists in stripe 5 (A5) due to the fact that there is a lower concentration of GT in the posterior region of the embryo when compared to the anterior (Fig. 4B , C = 1.1). Finally, the addition of KNI to the model is sufficient to inhibit expression in stripe 5 (A5), but not 6 (A7) and 7 (A9) (Fig. 4B , C = 1.1). Given the distance between the KNI sites and FTZ sites this effect must represent a longer-range repression (or quenching) than had previously been considered possible for KNI (Arnosti et al., 1996) . When compared to the other predictions, one should note that the C = 1.1 value for cooperativity is the only value that gives predictions exhibiting the same qualitative behavior for the enhancer as those observed experimentally (Figs. 2C and 4B) . Even small deviations in the cooperativity value result in predicted expression patterns that appear to be missing stripes of expression (C 6 0.9) or contain extraneous stripes of expression (C 1.3).
As the C value deviates further from C = 1.1 the model predictions become increasing inaccurate. This supports the notion of a distance-dependent cooperativity function (Dresch and Drewell, 2012) and the hypothesis that the spacing between the two FTZ sites is crucial for the proper cooperative activation and gene regulation by IAB7b (Starr et al., 2011) . Our mathematical model is also able to further test the potential for FTZ cooperativity directly as it can take in any TF concentration inputs. For example, if one wanted to use the model to predict expression output in mutant backgrounds, this could be easily done, as long as one knows how the mutant background impacts the concentration of the TFs feeding into the model. An example is provided by a FTZ heterozygote mutant if we make the simplifying assumption that in the mutant there is 50% reduction in the level of FTZ protein when compared to wild type, but the cooperativity value remains unchanged at C = 1.1. In this mutant background the model predicts seven stripes of gene expression when only the two FTZ binding sites are considered (as is the case for the wild type situation), but only the most posterior stripe 7 of expression when either KR and GT or KR, GT and KNI are added to the model. This deviates markedly from the model predictions in the FTZ wild-type background (see above and Fig. 4B ) and supports the hypothesis that FTZ may well be acting in a concentration dependent and cooperative manner at IAB7b.
To further investigate the model's predictive power, the model was run with the same fixed parameter values as those used to generate the predictions in Fig. 4B with C = 1.1, including the bioinformatically predicted HB binding site (Fig. S1a ). Our resulting model output is similar to that shown in Fig  4B. (Fig. S1b) , implying that HB plays only a modest role in the regulation of the IAB7b enhancer. This is most likely due to the very low levels of HB in the anterior portion of the embryo at this time point in development (approximately 2 h into development). The model was also run on the 2F2K SDM and 1F2K (Starr et al., 2011) constructs (Fig. S2a) . Both of these constructs represent CRMs with only a single FTZ binding site, therefore removing the possibility of any cooperative activation from occurring. The model results predict no gene expression driven by either enhancer (Fig. S2b) in agreement with the in vivo experimental results (Starr et al., 2011) , even though the model does not a priori require there to be more than one FTZ binding site to drive gene expression.
Our final model therefore confirms that the IAB7b enhancer is a CRM acting as a logic processor of combinatorial TF inputs to generate a regulatory transcriptional output (Fig. 5) . Indeed, only two activator (FTZ) and six repressor (one GT, two KR and three KNI) binding sites are required to produce the final output (Fig. 5) . The potential for FTZ to bind cooperatively at the IAB7b enhancer could mediate large changes in Abd-B expression in response to relatively small changes in FTZ concentration. The ability of transcription factors to bind cooperatively is known to play an important role in Drosophila development. For example, Bcd mutants unable to bind cooperatively fail to create the sharp hb expression boundaries necessary and result in embryonic lethality (Burz and Hanes, 2001; Lebrecht et al., 2005) . Given the possibility that each of the three TF repressors are functioning through distinct mechanisms (GT direct competition, KR short-range repression and KNI longer-range quenching) the spatial organization of the binding sites for these factors is likely to be under tight evolutionary selective pressure. This is evidenced by the high level of conservation observed for these key binding sites in IAB7b orthologs across diverse Drosophila species (Fig. 2A) . Taken together with the requirement that there are two FTZ activator binding sites in IAB7b spaced exactly 43 bp apart, this suggests that the sequence architecture at this enhancer is critical to maintain robust regulatory function.
